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PROJECT  DESCRIPTION 


This  project  concerns  the  demonstration  of  the  feasibilitiy 
of  the  tuning  and  stimulation  of  nuclear  radiation.  Theory  has 
indicated  that  anti-Stokes  Raman  upconversion  of  intense  but 
conventional  laser  radiation  produced  by  scattering  from  isomeric 
states  of  nuclear  excitation  could  lead  to  significant  sources  of 
tunable  y-radiation  characterized  by  the  natural  Mossbauer  width 
of  the  lines.  Further  computations  have  suggested  that  this  type 
of  coherent,  as  well  as  a  type  of  incoherent,  optical  pumping 
could  even  lead  to  appreciable  levels  of  inversion  of  the  popula¬ 
tions  of  nuclear  levels  that  would  be  capable  of  supporting  the 
growth  of  stimulated  y-ray  intensities.  Whether  or  not  these 
processes  can  reach  threshold  depends  upon  the  resolution  of 
basic  issues  lying  in  an  interdisciplinary  region  between  quantum 
electronics  and  nuclear  physics  that  have  not  been  previously 
addressed.  It  is  the  purpose  of  this  contract  work  to  study 
these  issues  experimentally  in  order  to  guide  the  development  of 
the  technology  and  methods  needed  to  exploit  the  enormous  poten¬ 
tial  of  this  effect. 


SCIENTIFIC  PROBLEM 

The  viability  of  the  concept  for  the  tuning  of  y-radiation 
by  adding  the  variable  energy  of  an  optical  photon  produced  by  a 
tunable  laser  depends  upon  the  existence  in  the  nucleus  of  nearly 
resonant  intermediate  states  through  which  the  multiphoton  pro¬ 
cess  can  proceed.  Whether  such  states  do  exist  is  the  central 
issue  being  addressed  in  this  work.  Surprisingly,  such  informa- 
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tion  is  currently  unknown  because  such  potentially  useful  states 
would  lie  in  the  "blind  spots"  of  the  conventional  techniques  of 
nuclear  spectroscopy.  Normal  Mossbauer  spectroscopy  provides 
enormous  resolution  but  a  tuning  range  that  is  inadequate,  by 
order  of  magnitude,  to  support  any  possible  study  of  transitions 
to  the  intermediate  states  of  a  multiphoton  process.  Conversely, 
crystal  spectrometers  provide  broad  tuning  ranges  but  levels  of 
resolution  that  miss  by  two  orders  of  magnitude  the  threshold 
that  would  be  necessary  to  separate  the  transitions  to  the  ini¬ 
tial  and  intermediate  states.  As  a  consequence,  the  ideal  arrange 
raent  of  nuclear  energy  levels  needed  for  the  Raman  upconversion 
process  could  be  a  common  occurrence  that  has  gone  unnoticed 
because  of  the  inadequacies  of  conventional  nuclear  spectroscopy. 
Thus,  the  critical  problem  has  two  facets:  1]  the  development  of 
an  appropriate  spectroscopic  technique  and  2)  the  search  for  a 
suitable  medium  for  a  -y~ray  laser. 

A  secondary  issue  lies  also  in  the  interdisciplinary  region 
avoided  by  conventional  nuclear  methodology.  That  is  the  charac¬ 
terization  of  the  coupling  properties  of  the  nuclear  levels  that 
would  be  analogous  to  the  "kinetics"  responsible  for  channeling 
an  efficient  portion  of  input  energy  into  a  single  transition. 
Conventional  methodology  does  not  generally  support  the  selected 
impulsive  excitation  of  a  single  nuclear  level  from  which  fluore¬ 
scence  can  be  detected  and  characterized.  Research  is  underway 
to  demonstrate  a  technique  for  the  determination  of  the  coupling 
coefficients,  branching  ratios,  and  lifetimes,  necessary  for  the 
evaluation  of  the  overall  dynamic  efficiency  for  the  conversion 
of  input  energy  into  fluorescence  from  selected  transitions. 


V  V  *J>  ”  JK  "Jl  *>  *>  *  ■  *  »  *  J  •  a  •  »  '  W  .  »  ,  •  ,  *L  •  L  % 


5 


TECHNICAL  APPROACH 

For  the  resolution  of  the  central  issue  of  the  existence  of 
potentially  useful  intermediate  states  in  a  multiphoton  upconver- 
sion  of  optical  photons  to  y-ray  energies,  it  was  first  intended 
to  demonstrate  sum  frequency  generation  in  one  case  in  which  non¬ 
resonant  intermediate  states  were  known  to  exist.  This  was  the 
case  in  which  both  initial  and  intermediate  states  were  magnetic 
sublevels  of  the  same  nucleonic  state  and  in  which  the  transi¬ 
tions  were  mediated  by  a  magnetic  dipole,  Ml  operator.  Experi¬ 
mental  data  reproduced  in  the  literature  suggested  that  such  a 
process  had  already  been,  unknowingly,  demonstrated  for  the  gen¬ 
eration  of  radiofrequency  sidebands  to  Mossbauer  transitions  at 
the  sum  and  difference  frequencies.  The  same  technique  of  con¬ 
ducting  a  conventional  single-photon  Mossbauer  experiment  in  the 
presence  of  an  intense  radiofrequency  field  is  being  successfully 
repeated  with  measurement  and  parameterization  of  the  conversion 
efficiency  into  the  sum  frequency  line  to  determine  the  practical 
limits  on  the  ultimate  linewidths  and  tuning  ranges  that  can  be 
achieved.  This  technique  will  then  be  used  in  a  bootstrap  ap¬ 
proach  to  support  a  search  for  accidentally  resonant  intermediate 
states.  By  replacing  the  radiofrequency  excitation  with  tunable 
higher  frequencies,  it  is  expected  that  the  tuning  range  of 
Mossbauer  spectroscopy  can  be  extended  by  orders -of -magni tude . 

For  the  kinetics  studies  a  double  resonance  technique  is 
being  developed  that  represents  simply  a  translation  into  the 
nuclear  domain  of  proven  methods  of  atomic  and  molecular  physics. 
A  flash  X-ray  source  will  be  used  to  pump  populations  of  isomeric 
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(metastable)  nuclear  states  to  freely  radiating  levels.  Correia 
tion  of  spectrally  and  temporally  resolved  fluorescence  intensi¬ 
ties  from  the  nuclear  transitions  with  the  pumping  radiation 
would  be  used  to  unfold  the  important  "kinetic"  parameters, 
germaine  to  efforts  to  optically  pump  a  population  inversion  in 
nuclear  sample. 

PROGRESS  DURING  THIS  REPORTING  PERIOD 

During  the  past  year  our  database  was  extended  further  to 
include  measurements  made  over  a  larger  range  of  incident  powers 
and  frequencies.  We  continued  to  find  intense  sidebands  on 
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hyperfine  components  of  the  14.4  keV  Mossbauer  transition  of  F 
to  be  maximized  under  conditions  that  minimized  chances  for 
spurious  magnetostrictive  effects.  Prominent  sidebands  were 
observed  at  only  tens  of  Watts  of  input  power.  A  quantitative 
model  was  refined  that  explains  these  results  in  terms  of  cohe¬ 
rently  excited  nuclear  states  and  confirms  the  estimates  for 
matrix  elements  critical  to  the  overall  progress  toward  the 
tuning  and  stimulation  of  nuclear  radiations.  Moreover,  our 
model  is  able  to  explain  20  years  of  accumulated  phenomenology 
that  was  supposed  to  have  proven  the  magnetostrictive  origin  of 
the  effect.  All  of  the  data  on  "geometric  modification  of  the 
vibration  amplitudes,"  transmission  of  phonons  between  media  and 
such,  are  readily  accommodated  within  the  purely  multiphotonic 
model.  The  places  where  our  data  contradict  previous  measure¬ 
ments  are  explained  and  the  quantitative  fit  is  quite  good,  as 
described  in  our  recent  publication  in  Optics  Letters.  The 
experimental  details  have  been  reported  in  JOSA  B.  Our  most 
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recent  successes  have  demonstrated  that  our  procedures  comprise 
new  technique  of  Nuclear  Raman  Spectroscopy  CNRS).  These  are 
being  reported  in  another  manuscript  accepted  for  JOSA  E.  Being 
presented  there  is  the  first  NRS  spectrum  showing  a  better  reso¬ 
lution  than  was  obtained  with  conventional,  single  photon 
Mossbauer  spectroscopy.  Copies  of  these  publications  are  found 
in  Appendix  I. 

SIGNIFICANCE 

The  successes  of  the  new  NRS  technique  for  nuclear  spectro¬ 
scopy  indicate  that  a  much  higher  resolution,  by  perhaps  six 
orders  of  inagni  tude ,  •  can  be  achieved  through  a  resonable  upgrade 
of  the  apparatus.  If  the  range  of  tunability  does  extend  to  the 
ferromagnetic  spin  resonance  (FSR)  frequency,  then  it  will  be 
possible  to  construct  a  swept  frequency  device  capable  of  contin 
uously  tuning  over  a  range  of  10**  linewidths,  an  enormous  im¬ 
provement  in  the  state-of-the-art  of  nuclear  spectroscopy. 
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We  have  used  states  of  nuclear  excitation  to  demonstrate  coherent  multiphoton  processes  that  were  the  analogs 
of  Well-known  effects  occurring  at  optical  frequencies.  Success  in  exciting  radio-frequency  sidebands  on  hyperflne 
components  of  the  14.4-keV  Mossbauer  transition  of  iTFe  is  described.  A  distinctive  feature  of  this  experiment 
was  that  the  absorbing  foil  was  rigidly  bound  in  a  graphite  sandwich  intended  to  eliminate  detrimental  vibrations. 
A  model  is  proposed  that  quantitatively  explains  these  results  in  terms  of  coherently  excited  nuclear  states  and  evi¬ 
dentially  confirms  the  multiphoton  nature  of  the  sidebands  observed  in  this  experiment. 


We  have  studied  the  radio-frequency  sidebands  that 
can  be  produced  on  Mossbauer  transitions.1  The  tra¬ 
ditional  explanations  attributed  this  effect  to  periodic 
Doppler  shifts  caused  by  drumhead  vibrations  of  the 
absorber  foil  that  were  driven  by  magnetostriction  and 
fortuitously  amplified  by  mechanical  resonances.2-5 
Quantitative  agreement  between  theory  and  experiment 
was  not  obtained  with  that  model. 

We  report  here  data  obtained  with  a  new  experi¬ 
mental  arrangement  thatjwas  designed  to  eliminate 
drumhead  vibrations  and  a  theoretical  model  that  ap¬ 
pears  to  confirm  that  these  radio-frequency  sidebands 
result  from  the  generation  of  large-amplitude  coherent 
excitation  of  the  nuclear  states  involved.  This  de¬ 
scription  accommodates  all  phenomena  previously  re¬ 
ported  and  suggests  that  sidebands  developed  in  earlier 
experiments  were  driven  by  the  same  excitation  of  co¬ 
herent  states.  Considerable  significance  can  be  at¬ 
tached  to  this  demonstration  that  relatively  long- 
wavelength  radiation  can  serve  for  the  efficient  pro¬ 
duction  of  coherent  nuclear  excitation,  which  would 
appear  to  support  speculations6  that  the  analogs  of 
many  of  the  interesting  and  useful  processes  of  non¬ 
linear  optics  may  be  found  at  nuclear  energies. 

In  1978  West  and  Matthias7  reported  what  seems  to 
have  been  the  only  uncontested  example  of  the  prior 
excitation  of  a  coherent  nuclear  state.  An  extremely 
small  effect  at  the  level  of  the  noise  was  obtained  in 
18lTa  at  power  inputs  of  1  kW.  As  a  consequence  of 
a  more  general  theoretical  modeling  of  processes  of  co¬ 
herent  nuclear  excitation,8-11  Olariu  et  al. 8  reported  a 
multiphoton  model  for  Mossbauer  transitions  compa¬ 
rable  with  the  Matthias  model  that  could  explain  the 
general  magnitude  of  the  much  stronger  development 
of  sidebands  in  the  earlier  57Fe  experiments. 

The  Olariu-Matthias  representation  had  been  con¬ 
structed  under  the  assumption  that  the  static  magnet¬ 
ization  of  the  absorber  was  fixed  in  direction  and  that 
only  its  amplitude  was  modulated  by  some  tens  of  per¬ 
cent  by  the  applied  field.  As  a  result,  that  model  was 
more  appropriate  for  nuclei  embedded  in  paramagnetic 
samples.  Of  concern  here  is  the  more  usual  circum¬ 
stance  for  S7Fe  in  which  the  sample  is  composed  of  a ' 
mosaic  of  domains,  in  each  of  which  the  level  of  mag¬ 


netization  is  uniform  in  direction  and  fixed  in  magni¬ 
tude  at  the  saturation  value  |M,  |.  At  constant  tem¬ 
perature,  |  M,  |  is  an  invariant  of  the  material,  although 
the  direction  of  M,  may  be  changed.  Thus  the  upper, 
J  -  3/2,  and  lower,  J  -  1/2,  states  of  the  14.4-keV 
transition  are  split  into  Zeeman  sublevels,  each  sepa¬ 
rated  by  ve  -  25.87  and  vg  -  45.49  MHz,  respectively, 
in  pure  iron. 

The  rather  complicated  response  of  a  ferromagnetic 
sample  to  a  time-varying  external  field  has  received 
considerable  attention  in  studies  of  ferromagnetody- 
namics.12  In  the  geometry  of  our  work  shown  in  Fig.  1, 
the  sample  is  in  the  form  of  a  thin  la<  lina  immersed  only 
in  a  sinusoidally  varying  field,  H  =  H0  sin  o>2t,  lying  in 
the  plane  of  the  foil.  As  was  shown  by  Chen,13  in  such 
cases,  once  the  level  of  applied  H  has  increased  through 
the  Barkhausen  region  and  the  direction  of  M,  coincides 
with  the  crystallographic  easy  direction  most  nearly 
aligned  with  H,  intense  magnetic  poles  are  developed 
on  the  large  faces  by  the  subsequent  attempts  of  M,  to 
precess  around  H.  These  poles  will  contribute  a  de¬ 
polarizing  field  Hd  to  cancel  the  component  of  M, 
produced  by  the  precession  normal  to  the  surface. 
Precise  computation  of  Hd  is  beyond  the  scope  of  this 
work,  but  Chen13  gives  an  approximation  sufficient  for 
other  applications: 

Hd  =  M,ut  sin  4>a  sin  w2t,  (1) 

where  o>  is  the  free-space  spin-resonance  frequency  u> 
=  Po7jHo|  and  <£„  is  an  angle  between  M,  and  H  in  the 
plane.  Usually  |Hd|  »  |H<j|,  and  M,  subsequently 
undergoes  a  mathematically  complex  precession  about 
H<<  from  the  easy  direction  toward  H.  To  facilitate  this 
analysis,  the  intensity  of  the  depolarizing  field  was  as¬ 
sumed  to  be  adequately  approximated  by  Eq.  (1) 
through  the  use  of  an  effective  average  orientation  angle 
for  M,  of  <(>a  lying  between  the  easy  direction  and  H. 

Since  the  natural  precession  frequencies  for  nuclei 
are  so  much  lower  than  those  for  ferromagnetic  spin- 
resonance  phenomena,  it  is  unlikely  that  the  axes  of 
nuclear  spins  can  follow  M,  through  the  nearly  dis¬ 
continuous  Barkhausen  jumps  in  the  orientation  of  M,. 
From  a  semiclassical  perception,  the  nuclear  spins 
should  undergo  a  free  precession  having  one  component 
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Pig.  1.  Schematic  representation  of  the  experimental  ap¬ 
paratus,  together  with  detailed  views  of  the  foil  carrier  and 
coordinate  system  used  in  the  theoretical  model. 

proceeding  in  the  plane  of  the  foil  about  Hj  toward  M, , 
the  angular  velocity  of  which  can  be  approximated  as 

**=7*8^  o,  (2) 

where  x  denotes  either  e  for  an  excited  nucleus  or  g  for 
a  ground  state.  This  is  the  component  that  will  co¬ 
herently  mix  the  nuclear  states.  However,  another  part 
of  the  precession  occurs  around  M, ,  which  results  in  the 
quantization  of  spin  projection  along  M,.  This  main¬ 
tains  the  same  hyperflne  splitting  of  the  levels  as  exists 
under  static  conditions.  Substituting  Eq.  (2)  into  Eq. 
(1)  and  integrating  gives 

$*(f)  -  <M0)  “  /3x(w<«)g/co22)sin  <f>a  (sin  w2t 

—  cj2 1  cos  uitf ),  (3) 

where  <£x  (0)  is  the  angle  describing  the  orientation  of 
spins  at  the  end  of  the  previous  cycle  of  H,  ug  = 
fiQ"Yl\M,\  =  2ir  X  45.49  MHz,  &g  =  1,  and  fit  - 
— 3|a),/w,  | ,  the  negative  arising  because  the  gyromag- 
netic  ratios  are  opposed  in  ground  and  excited  states  of 
57Fe.  Limits  of  vsdidity  to  Eq.  (3)  are  u>2t  =  0  to  r,  and 
the  expression  for  the  return  swing  of  the  spins  can  be 
constructed  from  symmetry.  Actual  values  of  4>XU) 
either  were  taken  from  Eq.  (3)  or  were  set  to  <t>„  or  x  - 
<t>a  to  give  the  smaller  excursion. 

At  a  particular  time  t,  the  effect  on  the  quantum  state 
of  a  nucleus  caused  by  precession  of  the  spin  axis  about 
H<f  can  be  determined  by  rotating  the  axis  for  the 
ground  state  back  onto  the  direction  defined  by  the  spin 
axis  of  the  excited  state.  In  practice  this  is  accom¬ 
plished  by  multiplying  the  ground  state  with  the  oper¬ 
ator  for  relative  rotation  ft,  which  can  be  expanded  in 
a  Fourier  series  of  harmonics  of  the  driving  frequency 

<i>2: 

H  ■  exp|-i($#(f)  -  <t>g(t)]dj 2| 

“  E  cy  exp(i;'<*)2^d/2),  (4) 

jm— 

where  is  the  spin  matrix  for  rotations  about  the  axis 
of  H<i  and  4>t(t)  and  4>g(t)  are  given  by  Eq.  (3).  The 


result  is  to  dress  the  state  with  ±j  photons  of  the  field, 
thus  increasing  its  apparent  energy  relative  to  the  ex¬ 
cited  state  by  ^jho^.  The  amplitude  of  the  j  th  dressed 
state  is  cy,  and  the  relative  strength  of  a  transition  be¬ 
tween  it  and  the  reference,  excited  state  is  cycy*.  In  this 
model  that  is  the  relative  intehsity  of  the  ;th  side¬ 
band. 

Notwithstanding  the  obvious  difficulty  that  the 
model  treats  the  J  =  3/2  state  as  a  semiclassical  entity 
with  a  spin  of  ±3/2  and  neglects  mixing  of  its  other 
projections,  it  is  surprisingly  good  in  describing  the  re¬ 
sults  of  this  experiment,  even  in  detail.  For  example, 
a  spin  projection  upon  M,  reverses  when  4>g(t)  precesses 
to  oppose  so  sidebands  upon  a  forbidden  transi¬ 
tion  such  as  (-1/2,  +  3/2)  do  occur,  but  at  energies  ov¬ 
erlapped  by  sidebands  of  (+1/2,  +3/2),  in  agreement 
with  observation. 

As  can  been  seen  from  Fig.  1,  the  apparatus  was  ar¬ 
ranged  to  conform  completely  to  the  traditional  pat¬ 
tern2  for  this  type  of  experiment,  with  one  exception. 
This  innovation  lay  with  the  foil  carrier,  which  was  ar¬ 
ranged  to  sandwich  the  absorber  rigidly  between 
graphite  sheets  to  prevent  mechanical  movements  while 
permitting  a  more  rapid  flow  of  air  for  cooling.  The 
conductivity  was  sufficient  to  allow  significant  amounts 
of  heat  to  be  rejected  into  the  face  of  the  graphite  sheet 
during  the  radio-frequency  pulse  but  not  so  great  as  to 
give  a  skin  depth  smaller  than  the  physical  thickness. 

The  radio-frequency  power  was  applied  to  a  coil 
containing  the  foil  carrier.  It  was  pulsed  for  a  duration 
equal  to  the  time  required  for  the  full  sweep  of  the  range 
of  velocities  being  examined.  The  output  from  a  pro¬ 
portional  counter  monitoring  the  transmitted  y  inten¬ 
sity  was  gated  into  a  multichannel  scalar  only  during 
those  times.  Generally,  duty  cycles  of  Vis  prevented 
excessive  heating  of  the  sample.  The  foil  used  in  these 
experiments  was  a  2-pm-thick,  95%  pure  57Fe  sample 
of  about  1-cm2  surface  area. 
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Fig.  2.  Typical  data  obtained  for  pure  57Fe  at  10.1  W  of 
radio-frequency  power  at  61.7  MHz.  The  parent  transitions 
are  identified  by  (Af„  A#/),  the  projections  of  the  nuclear  spins 
in  the  initial  and  final  states,  respectively,  upon  the  axis  of 
local  magnetization  Mt.  The  change  in  transition  energy 
resulting  from  one  additional  radio-frequency  photon  is  in¬ 
dicated. 
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Fig.  3.  Comparison  of  experimental  and  theoretical  com¬ 
putations  of  sideband  intensities.  Differing  intensities  at  the 
same  power  reflect  the  measurement  of  sidebands  from  dif¬ 
ferent  parent  transitions.  Open  square  symbols  represent 
data  from  Ref.  3. 


Figure  2  shows  typical  data  obtained  at  10  W  of  input 
power  at  61.7  MHz  into  a  resonant  circuit  with  a  Q  =  60 
that  contained  the  coil  and  the  foil  carrier.  Statistical 
scatter  was  reduced  by  averaging  data  from  five  suc¬ 
cessive  channels.  The  apparent  asymmetry  was  an 
artifact  of  the  velocity  drive.  Any  resulting  uncertainty 
in  the  identity  of  various  features  was  resolved  by 
varying  the  frequency.  , 

Figure  3  shows  a  comparison  between  the  experi¬ 
mental  results  and  the  values  for  CjCj*  obtained  from 
Eq.  (4).  The  calculated  intensities  depended  on  ex¬ 
perimental  variables  through  u  «  |/f0|  *  y/P,  where  P 
is  the  applied  radio-frequency  power,  and  through  </>„, 
the  effective  orientation  of  M,  and  H.  The  dependence 
of  CjCj*  on  relative  power  can  be  seen  in  Fig.  3.  The 
effect  on  the  curves  of  varying  4>a  was  to  change  the 
asymptotically  high  levels  of  sideband  intensity  by 
±25%  of  the  values  plotted.  For  the  calculations  of  Fig. 
3,  <t>a  «  0.5  rad. 

In  making  the  comparison  shown  in  Fig.  3  the  single 
scale  factor  between  the  average  input  power  and  the 
abscissa  was  adjusted  only  once  for  optimal  agreement, 
and  the  relative  intensities  were  used  as  measured,  the 
parent  lines  being  assigned  a  value  of  unity  in  the  ab¬ 
sence  of  applied  power.  Data  from  Ref.  3  were  nor¬ 
malized  at  the  lowest  power  to  which  they  fitted. 
Considering  the  rather  rough,  semiclassical  nature  of 
the  model,  the  level  of  agreement  shown  in  Fig.  3  is  re¬ 
markable,  considerably  exceeding  anything  obtained 
from  magnetoetrictive  models.3  Moreover,  this  model 
for  coherent  mixing  of  states  can  also  explain  the  three 
classes  of  phenomena  supposed  to  prove  a  magneto- 
strictive  origin: 


(1)  Shredding  or  powdering  the  sample  would 
provide  for  the  development  of  surface  poles  along  more 
than  a  single  axis  and  so  would  inhibit  or  prevent  free 
rotation  of  M(. 

(2)  Time-varying  surface  poles  on  the  face  of  a 
ferromagnetic  foil  could  readily  communicate  a  large, 
time-dependent  magnetization  into  another  material 
in  close  contact  along  a  face. 

(3)  As  was  shown  by  Chen,13  the  addition  of  a  static 
field  and  some  thickness  to  the  sample  would  provide 
for  an  exponential  decay  of  the  precession  of  M,  after 
the  time  when  excitation  terminated.  The  phenome¬ 
non  is  somewhat  related  to  spin  echoes. 

It  seems  that  the  strong  agreement  between  the  ex¬ 
perimental  data  obtained  in  this  work  and  the  model  of 
coherently  excited  nuclear  states  confirms  the  multi¬ 
photon  nature  of  the  transitions,  whereas  the  observed 
efficiency  of  the  effect  tends  to  support  an  optimistic 
perspective  on  many  of  the  other  exciting  possibilities 
being  proposed  in  nuclear  quantum  electronics. 

The  authors  gratefully  acknowledge  the  support  of 
the  Office  of  Naval  Research  under  contract  N00014- 
81-K-0653. 
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Experiments  show  that  under  certain  conditions,  long-wavelength  radiation  can  be  strongly  coupled  to  the  nucleus. 
Additional  experiments  demonstrate  the  utility  of  this  effect  as  a  powerful  tool  for  nuclear  spectroscopy  and  show 
how  tunable  subangstrom  radiation  can  be  produced.  Future  experiments  and  applications  are  discussed. 


INTRODUCTION 


There  has  been  much  written  during  the  past  10  years  about 
the  radio-frequency  (rf)  sidebands  that  can  be  produced  on 
Moesbauer  transitions.1  The  traditional  explanation  at¬ 
tributed  this  effect  to  periodic  Doppler  shifts  caused  by 
drumhead  vibrations  of  the  absorber  foil  that  were  driven  by 
magnetostriction  and  fortuitously  amplified  by  mechanical 
resonances.2-4  Good  quantitative  agreement  between  theory 
and  experiment  was  never  achieved. 

A  successful  multiphoton  explanation  was  proposed  by 
West  and  Matthias5  and  independently  by  Olariu  el  al.e  In 
this  explanation,  the  sidebands  were  described  as  sum-  and 
difference-frequency  lines  resulting  from  a  coherent  mixing 
of  nuclear  levels  by  the  rf  fields.  In  contrast  to  the  magne¬ 
tos  trictive  model,  the  multiphoton  model  gave  a  good  quan¬ 
titative  agreement  with  experiment  The  importance  of  the 
multiphoton  explanation  is  that  it  implies  the  existence  of 
nuclear  analogs  to  many  of  the  coherent  processes  currently 
known  and  well  understood  in  atomic  and  molecular  physics. 
Thus  many  of  the  experimental  techniques  used  in  atomic  and 
molecular  physics  may  be  adapted  to  nuclear  physics.  Per¬ 
haps  the  most  immediately  attractive  of  these  is  the  produc¬ 
tion  of  tunable  XUV  radiation  generated  by  anti-Stokes 
scattering  of  intense  beams  of  more  conventional  form  from 
excited  nuclear  levels. 

In  an  effort  to  test  this  hypothesis,  a  new  experiment  was 
performed  in  which  a  87Fe  foil  was  irradiated  by  a  beam  of 
essentially  monoenergetic  gamma  photons  and  by  a  strong 
field  of  tunable  rf  radiation.  The  intensity  of  the  transmitted 
gamma  photons  was  then  measured  as  a  function  of  the  rf 
which  was  varied  while  the  gamma  frequency  e>7  was  held 
constant  This  experiment  may  be  considered  the  nuclear 
analog  of  Raman  spectroscopy  and  is  clearly  precursive  to  the 
production  of  tunable  XUV  by  the  inverse  process  of  scat¬ 
tering  from  nuclear  levels. 

Before  this  new  experiment  was  attempted,  some  prelimi¬ 
nary  research  was  done  in  order  to  determine  the  appro¬ 
priateness  of  the  multiphoton  theory.  Therefore  the  first  set 
of  experiments  undertaken  simply  repeated  those  of  previous 
authors,3  whereas  the  next  set  made  use  of  a  new  experimental 
arrangement  designed  to  reduce  significantly  the  effect  of  any 
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accidental  resonance  in  the  foil.  The  results  of  these  exper¬ 
iments  further  supported  the  multiphoton  model  and  fully 
justified  the  two-photon  spectroscopy  experiments  mentioned 
above. 

THEORY 

Although  it  is  beyond  the  scope  of  this  paper  to  enter  into  all 
the  details  of  the  multiphoton  explanation  of  the  rf  sidebands, 
a  general  overview  is,  neverthless,  possible.  A  more  detailed 
discussion  of  the  theory  is  given  in  Refs.  6  and  7. 

According  to  the  nuclear  multiphoton  model  as  applied  to 
ferromagnetic  materials,  an  external  rf  field  applied  at  a 
modest  level  of  power  is  able  to  control  the  large  internal  fields 
seen  by  the  nucleus.  In  this  way,  the  time-varying  fields  are 
effectively  amplified  by  many  orders  of  magnitude  to  a  level 
sufficient  to  dress  the  nuclear  states.  Thus  the  rf  field  is  ac¬ 
tually  indirectly  coupled  to  the  nucleus  through  the  hyperfine 
fields.  The  gamma  photon  then  interacts  with  the  dressed 
states  of  the  system,  giving  rise  to  sidebands. 

This  paper  is  concerned  with  tunable,  multiphoton-ab¬ 
sorption  sidebands  produced  on  the  14.4-keV  Mdssbauer 
transitions  in  57Fe.  The  energy-level  diagram  relevant  to  this 
paper  is  given  in  Fig.  1.  The  14.4-keV  transition  is  between 
two  different  states  of  internal  nucleonic  excitation  with  total 
angular  momentum  values  varying  from  /  ■*  1/2  in  the  lower 
state  to  /  ■  3/2  in  the  upper.  When  the  s7Fe  nucleii  are  in  a 
ferromagnetic  environment,  such  as  is  the  case  for  a  pure  an- 
nealed-iron  sample,  the  resulting  net  magnetic  field  at  the 
nucleii  removes  the  degeneracies;  this  causes  both  the  upper 
and  lower  levels  to  split,  giving  rise  to  the  nuclear  hyperfine 
structure  shown  in  the  figure.  In  the  case  of  Fe,  the  hyperfine 
fields  are  of  the  order  of  one  half  of  a  megagauss.  The 
nucleonic  transition  is  mediated  by  the  magnetic-dipole  op¬ 
erator,  and  so  the  selection  rule  Am  ■  0,  ±  1  permits  six  com¬ 
ponent  transitions  between  the  lower  and  upper  manifolds. 
For  convenience,  these  are  designated  in  the  figure  by  the 
numbers  1-6,  as  is  traditional. 

The  foil  used  in  these  experiments  was  a  2-pm-thick,  pure 
47Fe  sample  of  about  1-cm*  surface  area.  The  usual  absorp¬ 
tion  spectrum  made  as  a  function  of  transition  wavelength  in 
the  absence  of  an  applied  rf  field  is  shown  in  Fig.  2a.  Typical 
spectra  obtained  in  these  experiments  using  rf  fields  of  ~35 
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Pig.  1.  Energy-level  diagram  for  57Fe.  showing  the  nuclear  hyperfine 
splitting  and  the  six  magnetic-dipole-allowed  transitions. 
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Pig.  2.  s.  Typical  S7Fe  absorption  spectrum  with  no  rf  applied.  The 
six  lines  correspond  to  the  six  dipole-allowed  transitions  of  Fig.  1.  b, 
Typical  spectrum  using  conventional  sample  holder  with  37  W  of 
applied  rf  power  at  54  MHx.  c.  Typical  spectrum  using  new  sample 
holder  with  31  W  of  applied  rf  power  at  64  MHx. 

W  ere  shown  in  Pigs.  2b  and  2c.  In  these  and  the  rest  of  the 
data  presented  here,  the  signal-to-noise  (S/N)  ratio  was  im¬ 
proved  by  a  factor  of  >/5  through  the  use  of  a  running  average 
of  the  data  from  five  successively  resolved  wavelengths. 


EXPERIMENTAL  DETAILS  AND  RESULTS 

The  basic  experimental  arrangement  is  shown  in  Fig.  3a.  The 
conventional  Mdesbauer  spectrometer,  an  Austin  Science 
Associates  (ASA)  Model  S-600,  could  be  operated  in  either 
a  constant-acceleration  or  a  constant-velocity  mode.  This 
allows  the  gamma-photon  frequency  to  be  Doppler  shifted  at 
a  constant  rate  or  to  be  held  constant.  The  drive  motor  was 
equipped  with  an  interferometer  so  that  the  source  velocity 
could  be  monitored.  The  20  pCi  source  was  one  of  a  typical 
construction  for  67Fe  research:  87Co  in  a  Pd  lattice.  In  this 
source,  the  active  nuclei  decay  to  &7Fe*  by  electron  capture, 
followed  by  rapid  decay  to  the  upper  level  of  the  Mossbauer 
transition  and  subsequent  emission  of  the  14.4-keV  photon 
used  in  this  work.  Since  Pd  is  a  nonferromagnetic  material, 
there  was  no  net  magnetic  field  at  the  source  nucleus  and 
therefore  no  hyperfine  structure  in  the  emission  spectrum. 
Thus  the  source  used  in  this  research  was  an  essentially 
monoenergetic  one,  having  the  transform-limited  width 
contributed  by  the  finite  lifetime  of  the  excited  state. 

The  gamma-photon  detector  was  a  sealed  proportional 
counter  that  used  Kr  as  the  fill  gas  and  C02  as  the  quenching 
gas.  A  charge-sensitive  preamplifier  (ASA  Model  CSP  400A) 
amplified  the  signals  from  the  proportional  counter  and 
routed  them  to  an  ASA  Model  LA  200  double-differentiating 
linear  amplifier.  The  amplifier  output  was  then  connected 
to  a  linear  gate,  which  provided  upper  and  lower  levels  of 
discrimination  to  permit  preferential  selection  of  the  pulses 
produced  by  the  14.4-keV  gamma  photons.  The  linear  gate 


Fig.  3.  a,  Schematic  representation  of  the  experimental  apparatus, 
b,  Detailed  view  of  the  rf  tank  circuit,  together  with  the  foil  carrier. 
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produced  both  a  linear  signal  and  a  logic  signal.  The  linear 
output  was  found  to  be  useful  in  adjusting  the  gate  window, 
and  the  logic  signal  was  multiplexed  with  the  processed  in¬ 
terferometric  signal  and  sent  to  a  multichannel  analyzer 
(MCA).  The  MCA  was  an  Elscint  Promeda  configured  for 
1024-channel  operation,  with  a  rollover  at  217  counts  per 
channel. 

The  rf  apparatus  consisted  of  an  oscillator,  a  frequency 
meter,  a  preamplifier,  an  amplifier,  an  in-line  power  meter, 
and  a  parallel-series  resonant  LC  tank  circuit,  as  shown  in  Fig. 
3a.  llie  Heathkit  Model  IG-5280  oscillator  was  capable  of 
generating  a  signal  ranging  from  0.31  to  220  MHz.  It  was 
modified  to  permit  external  keying  of  the  rf  signal.  When  the 
rf  power  was  being  applied  by  this  keying  circuit,  the  data 
from  the  proportional  counter  were  gated  by  the  ASA  con¬ 
troller  into  the  MCA  for  the  time  required  by  the  drive  motor 
to  sweep  through  the  full  range  of  gamma  frequencies  to  be 
examined.  Then  the  keying  circuit  turned  off  the  rf  and 
closed  the  gate,  thereby  allowing  enough  time  between  pulses 
for  the  sample  to  cool. 

The  output  of  the  oscillator  was  monitored  by  a  Heathkit 
Model  SM-2420  frequency  meter  and  was  first  amplified  by 
a  Hewlett-Packard  Model  8447A  broadband  preamplifier, 
which  had  a  flat  frequency  response  from  0.1  to  400  MHz. 
The  signal  was  then  sent  to  an  ENI  Model  550L  amplifier, 
which  was  able  to  amplify  rf  signals  over  the  range  of 
frequencies  from  1.5  to  400  MHz  up  to  a  power  level  of  tens 
of  watts.  This  final  output  passed  through  a  Bird  directional 
power  meter,  which  permitted  the  monitoring  of  both  forward 
and  reflected  power. 

As  ia  shown  in  Fig.  3b,  a  LC  tank  circuit  was  used  to  enhance 
the  field  strength  actually  applied  to  the  sample.  This  type 
of  circuit  ia  of  the  kind  commonly  used  in  nudear-magne tic- 
resonance  (NMR)  studies.*  The  capacitor  C  together  with 
the  inductance  L  formed  the  resonant  tank,  and  the  capacitor 
C  served  to  match  the  impedance  to  the  50- Q  input  cable.  In 
this  circuit,  if  C' »  C,  as  was  the  case  in  our  arrangement,  then 
the  resonance  condition  remains  close  to  aPLC  ”  1,  and  the 
impedance  at  resonance  is  Qo»LCJ/(C  +  C')2,  where  w  ■  2»r 
ia  the  circular  frequency  of  the  applied  rf.  This  impedance 
was  matched  to  the  50-ft  input  by  tuning  C'  until  the  reflected 
power,  as  measured  by  the  directional  power  meter,  was  at  a 
minimum. 

Estimates  of  the  magnetic-field  strength  (peak  to  peak) 
inside  the  coil,  in  the  absence  of  any  ferromagnetic  material, 
is  given  by  H*  a  6fPQ/Vv)l/J,  where  P  ia  the  rf  power  in  watts 
supplied  by  the  final  amplifier,  Q  is  the  quality  factor,  V  is  the 
volume  of  the  coil  in  cubic  centimeters,  and  *  ia  the  resonant 
frequency  in  megahertz.9  In  the  case  of  a  coil  loaded  with  a 
ferromagnetic  foil,  the  field  density  is  increased.  This  can  be 
accommodated  by  replacing  V  by  an  effective  volume  V'.  For 
the  geometry  used  in  our  experiments,  V ’  *  1.6  cm9. 

The  resonant  frequency  of  the  tank  circuit  was  determined 
by  inserting  the  coil  of  a  grid  dip  meter  (Heathkit  Model 
HD-1250)  into  the  coil  of  the  tank  circuit,  while  connecting  the 
original  input  of  the  matching  box  to  an  oscilloscope  and  a 
frequency  meter  (instead  of  to  the  Bird  meter’s  output).  The 
grid  dip  meter  was  tuned  until  the  signal  on  the  scope  was  a 
maximum  (typically  MOO  mV  peak  to  peak).  The  resonant 
frequency  a  was  then  given  by  the  frequency  meter.  After  the 
resonant  frequency  was  determined,  the  grid  dip  meter  was 
adjusted  both  above  and  below  it,  until  the  signal  on  the  scope 
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was  at  the  half-power  points.  The  Q  was  calculated  from  the 
frequencies  at  these  points  by  the  formula  Q  «  v! Aa,  where 
At*  is  defined  to  be  the  magnitude  of  the  difference  between 
the  two  half-power  frequencies.10  The  Q  could  then  be  used 
to  calculate  H *  at  the  sample.  For  example,  for  the  typical 
values  of  Q  *»  60,  v  *  60  MHz,  and  P  =  25  W,  we  calculate  an 
Hrt  *  24  O  peak  to  peak. 

In  our  experiments,  the  circuit  was  divided  into  two  parts 
in  order  to  separate  the  sample  physically  from  the  rest  of  the 
electronics.  The  first  part,  the  matching  assembly,  consisted 
of  the  two  capacitors,  C  and  C'.  This  entire  assembly  was 
contained  in  a  grounded  metal  chassis  in  order  to  minimize 
stray  capacitance  as  well  as  radiation  of  the  rf  signal  The  two 
capacitors  were  tuned  by  turning  micrometer  shafts  that 
penetrated  the  box  through  two  small  holes.  The  second  part 
of  the  resonant  circuit  consisted  of  the  coil  in  which  the  s7Fe 
foil  was  placed.  The  coil  was  a  simple  helix  of  eight  turns, 
wrapped  about  a  polyvinyl  chloride  (PVC)  tube  for  extra 
stability.  The  tube  had  windows  cut  in  it  so  that  signal  at¬ 
tenuation  and  line  broadening  resulting  from  the  nonresonant 
absorption  of  the  gamma  photons  by  the  PVC  was  minimized. 
Like  the  matching  assembly,  the  coil  and  the  sample  were 
contained  in  a  grounded  metal  chassis.  Although  the  end  of 
the  PVC  tube  protruded  from  the  box  in  order  to  provide  a 
cooling  chimney,  stray  radiation  from  this  hole  was  judged  to 
be  minimal  because  it  lay  on  the  axis  of  the  coil. 

The  Fe  sample  was  mounted  in  a  special  holder  that  fitted 
into  the  coil,  and  herein  lay  the  principal  innovation: 
Whereas  the  samples  in  previous  experiments  had  been  typ¬ 
ically  held  between  Mylar  or  Lucite  sheets,  ours  was  rigidly 
clamped  between  two  graphite  sheets  that  were  thin  enough 
to  allow  penetration  of  the  rf  fleld  but  thick  enough  to  prevent 
any  drumhead  vibrations  of  the  foil.  Graphite  seems  to  be 
an  ideal  substance  for  this  purpose.  Having  a  skin  depth  of 
205  fim  at  60  MHz,  it  is,  nevertheless,  a  reasonably  good 
conductor  of  heat,  and  it  is  almost  transparent  to  the  14.4-keV 
photons  used  in  these  experiments.  The  graphite  sheet  on 
the  source  side  of  the  foil  was  ~125  fi m  thick,  and  the  sheet 
on  the  detector  side  was  ~375  pm.  The  second  sheet  was  a 
little  thicker  to  provide  extra  rigidity  for  the  sample.  This 
arrangement  also  allowed  the  possibility  of  cooling  the  foil  by 
immersing  it  in  liquid  N2  without  the  random  motion  caused 
by  boiling  the  liquid.  An  additional  advantage  was  that  the 
effect  of  joule  heating  in  the  foil  was  minimized  because  the 
heat  was  extracted  along  the  entire  surface  in  contact  with  the 
graphite.  The  discriminator  window  did  need  to  be  adjusted 
slightly  to  maximize  the  14.4-keV  output  with  the  graphite 
installed. 

The  two  parts  of  the  resonant  tank  circuit  were  linked  to¬ 
gether  by  a  coaxial  cable.  Because  this  cable  was  one-half 
wavelength  long,  it  is  designated  in  Fig.  3by  X/2.  The  speed 
of  signal  propagation  in  coaxial  cable  is  about  1.8  X  10s  m/sec.9 
Therefore,  for  a  frequency  of  60  MHz,  a  cable  of  length  1.8  X 
10*/(2  X  60  X  10°)  or  1.5  m  was  used.  The  purpose  of  the 
half-wave  line  was  to  isolate  the  inductor  physically  from  the 
tuning  and  matching  capacitors,  allowing  the  sample,  coil  and 
all,  to  be  immersed  in  liquid  N2,  if  necessary,  without  con¬ 
densation  building  up  on  any  of  the  other  circuit  components. 
For  the  new  results  presented  here,  the  power  required  to 
produce  sizable  sidebands  was  so  low  that  no  cooling  schemes 
(other  than  forced  convection  through  the  PVC  chimney  by 
a  small  blower)  were  necessary.  The  half-wave  line  did  have 
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Fig.  4.  Three  61.7-MHz  spectra,  showing  the  power  dependence  of 
the  first-order  sidebands,  a,  5.0- W  rf  power,  b,  10.1 -Wrf  power,  c, 
26.6-W  rf  power. 


the  disadvantage  that  it  was  not  a  broad-bandwidth  device, 
and  so  there  was  only  about  10%  tunability  before  the  instal¬ 
lation  of  a  new  line  was  necessary.  However,  because  of  the 
narrow  range  of  frequencies  being  investigated,  only  a  few 
different  cables  were  needed. 

The  first  sequence  of  experiments  simply  repeated  those 
already  reported  by  other  authors,  in  which  the  foil  had  free 
surfaces.  The  foil  was  cooled  by  immersing  it  in  a  gentle 
stream  of  cool  N2  vapor.  For  a  given  run,  the  radio  power  and 
frequency  were  held  constant,  while  the  gamma  frequency  was 
continuously  Doppler  shifted  by  using  the  spectrometer  driver 
motor  in  flyback  (constant-acceleration)  mode.  Figure  2b 
shows  part  of  a  typical  spectrum  for  this  sequence  of  experi¬ 
ments.  We  use  the  convention  whereby  sidebands  are  labeled 
by  the  parent  line  from  which  they  come,  and  by  one  or  more 
pluses  or  minuses,  indicating  positive  (high-energy)  or  nega¬ 
tive  (low-energy)  sidebands,  respectively,  from  states  dressed 
by  the  number  of  rf  photons  corresponding  to  the  number  of 
pluses  or  minuses.  In  Fig.  2b,  the  applied  rf  power  was  37  W, 
and  the  frequency  was  64.1  MHz.  Note  that,  whereas  the 
sidebands  dearly  exist,  the  S/N  ratio  is  not  good.  The  marked 
asymmetry  in  the  spectrum  was  caused  by  a  corresponding 
asymmetry  in  the  drive  motors.  Any  resulting  uncertainty 
in  the  identity  of  various  features  was  resolved  by  varying  the 
frequency. 

The  next  round  of  experiments  differed  from  the  previous 
round  only  in  that  the  new  sample  bolder  was  used  to  suppress 
drumhead  vibrations  and  no  cooling  scheme  other  than  forced 
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convection  was  used.  A  typical  spectrum  is  shown  in  Fig.  2c. 
For  this  spectrum,  the  radio  power  and  frequency  were  31 W 
and  64.1  MHz,  respectively.  Note  that,  because  of  a  greatly 
improved  S/N  ratio  (presumably  the  result  of  better  cooling 
and  fewer  random  vibrations  of  the  sample  foil),  the  spectrum 
is  much  cleaner,  and  the  sidebands  themselves  are  narrower 
and  much  greater  in  magnitude.  Also,  note  how,  because  of 
the  increased  resolution,  first-order  lines  in  the  interior  of  the 
spectrum,  whose  presence  is  only  hinted  in  Fig.  3b,  stand  out 
aharply.  Prevention  of  any  drumhead  vibrations  of  the  foil 
markedly  improves  the  quality  and  magnitude  of  the  side¬ 
bands;  this  is  interpreted  as  evidence  against  the  magneto¬ 
striction  model  This  interpretation  seems  justified  since 
proponents  of  that  model  have  claimed  that  when  nonmetallic 
materials,  such  as  grease,  adhesive  tape,  and  Plexiglas,  were 
put  in  dose  contact  with  the  foil,  the  sidebands  were  quenched 
owing  to  the  damping  of  acoustic  vibrations.11  However,  we 
believe  that  the  observed  quenching  was  solely  due  to  the 
trapping  of  heat  in  the  sample  and  the  consequent  degradation 
of  the  spectra. 

Figure  4  shows  how  the  first-order  sidebands  grow  as  a 
function  of  applied  rf  power.  For  spectra  a,  b,  and  c,  =  2r 
X  61.7  MHz,  and  the  power  was  5.0,  10.1,  and  26.6  W,  re¬ 
spectively.  For  all  these  spectra,  as  well  as  for  the  rest  of  the 
data  presented  here,  the  improved  sample  holder  was  used. 
The  first-order  sidebands  are  seen  to  grow  linearly  with  ap¬ 
plied  rf  power  until  finally  saturating.  In  Fig.  4c,  at  a  power 
of  only  26.6  W,  the  second-order  sidebands  are  already  be¬ 
ginning  to  become  apparent  On  application  of  even  higher 


O  IOO  200  300  400  500 


CHANNEL  NUMBER 
(  wavelength  ) 

Fig.  5.  Two  spectra  that  show  that  the  result  of  increasing  w*  is  to 
push  first-order  sidebands  sway  from  the  parents,  through  a  two- 
photon  reaonance  at  ur 
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Fig.  6.  Absorption  resonance  corresponding  to  the  first-order 
sum-frequency  sideband  of  the  1 1/2. 1/2)  —  )3/2. 1/2)  nuclear  tran¬ 
sition  of  57  Fe  near  0.086  nm. 


rf-field  intensities,  the  second-order  sidebands  were  seen  to 
grow  quadradically  and  finally  to  saturate.  These  results  are 
exactly  the  kind  predicted  by  the  multiphoton  theory,  which 
lends  further  support  to  that  explanation.  According  to  this 
theory,  the  saturation  of  the  first-order  lines  occurs  because 
the  second-order  lines,  which  grow  as  the  square  of  applied 
power,  begin  to  gain  importance;  and  the  second-order  lines 
are  predicted  to  saturate  when  higher-order  sidebands  begin 
to  grow.  For  S' mor%  complete  discussion  of  the  theory  as 
applied  to  ferromagnetic  materials,  see  Ref.  7. 

In  the  final  set  of  experiments  described  here,  the 
gamma-photon  frequency  was  held  fixed  by  using  the  spec¬ 
trometer  motor  in  constant-velocity  mode,  the  rf-field 
strength  was  held  constant,  and  <Urf  was  varied.  Figure  5  helps 
to  explain  the  experiment  Figure  5a  is  part  of  a  normal 
sideband  spectrum  with  w*  •  2r  X  54  MHz,  whereas  in  5b, 
<»>*  -  2x  X  61.7  MHz.  With  a  constant  source  velocity  of  7.78 
mm/sec,  the  frequency  of  its  gamma  photons,  «„  would  lie  at 
the  position  indicated,  regardless  of  w*.  The  effect  of  in¬ 
creasing  Wrfis  to  push  the  sidebands  away  from  the  parents, 
through  the  two-photon  resonance  at  wr  As  w*  is  varied, 
point  by  point  the  gamma  intensity  is  monitored.  Because 
the  tank  circuit  had  to  be  retuned,  and  the  Q  had  to  be  mea¬ 
sured  for  each  frequency,  only  one  data  point  was  taken  per 
run. 

In  Fig.  5  the  movement  of  the  5+  sideband  is  shown  for 
clarity.  In  the  actual  experiment  the  source  velocity  was  set 
to  3.2  mm/sec,  allowing  the  2+  sideband  to  be  examined  in  a 
spectrally  isolated  region.  The  resulting  spectrum  is  shown 
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in  Fig.  6.  The  error  bars  are  quite  large  because  of  the  short 
accumulation  time  allowed  for  each  frequency. 


DISCUSSION 

Although  the  quality  of  the  spectrum  in  Fig.  6  is  no  better  than 
that  of  Fig.  2b  in  terms  of  S/N  ratio,  the  result  is,  nevertheless, 
quite  important  The  fact  that  a  two-photon  nuclear  reso¬ 
nance  can  be  detected  by  varying  the  longer-wavelength 
photon  has  significant  implications.  For  example,  if  the 
quality  of  the  spectrum  were  improved  through  longer  accu¬ 
mulation  times,  the  technique  could  be  used  to  conduct 
Mdesbauer  spectroscopy  with  much  higher  resolution  than 
ever  before.  This  would  be  possible  because  no  mechanical 
tuning  need  be  used.  In  addition,  if  the  technique  were  ex¬ 
tended  from  rf  to  microwave  or  infrared  photona,  the  range 
of  Mdesbauer  spectroscopy  would  be  dramatically  increased. 
With  this  kind  of  tool,  a  great  deal  of  new  information  can  be 
gained  about  the  nucleus,  since  conventional  nuclear  spec¬ 
troscopy  is  limited  in  either  resolution  (~100  eV  for  the 
gamma-fluorescence  type  of  experiments)  or  range  of  tuning 
( — 10— 4  eV  for  Moesbauer  studies). 

Although  in  our  experiments  the  strong  hyperfine  fields  in 
a  ferromagnetic  sample  were  utilized  in  order  to  couple  the 
rf  photons  to  the  nucleus,  the  two-photon  technique  is,  in  fact, 
far  more  general.  For  example,  ferroelectrics,  which  have  a 
strong  electric-field  gradient  (EFG),  could  also  be  used.  Here, 
instead  of  modulating  a  strong  magnetic  field,  the  rf  field 
would  dress  the  nuclear  states  by  modulating  the  EFG  at  the 
site  of  the  nucleus.  Since  it  is  often  possible  to  place  a  given 
nuclear  species  at  a  desired  crystal-lattice  position  (by  dif¬ 
fusion  or  some  form  of  ionic  substitution),  the  two-photon 
technique  could  be  used  on  an  extremely  large  number  of 
different  nuclear  species. 

Another  exciting  possibility  is  the  generation  of  tunable 
subangstrom  radiation.  In  the  context  of  our  experiments, 
if  the  87Co  had  been  in  a  ferromagnetic  environment  and  had 
been  subjected  to  the  rf  fields,  then  the  result  would  have  been 
an  emission  spectrum  with  tunable  sidebands.  The  parent 
lines  could  then  have  been  filtered  out  with  a  thin  sheet  of 
57Fe,  leaving  just  the  tunable,  narrow-linewidth,  subangstrom 
radiation.  These  and  several  other  exciting  possibilities  are 
discussed  in  Ref.  12. 


CONCLUSIONS 

In  this  paper,  the  results  of  three  different  seta  of  experiments 
were  reported.!  The  first  set  repeated  the  conventional  rf 
sideband  experiments.  In  the  second  set  of  experiments,  a 
novel  sample  holder  was  used,  which  restricted  the  movements 
of  the  foil.  In  the  resulting  spectra,  the  sidebands  were  of 
greater  magnitude  and  better  quality,  implying  that,  contrary 
to  the  magnetostriction  model,  fortuitous  vibrations  and 
mechanical  resonances  in  the  foil  did  not  contribute  to  the 
generation  of  the  sidebands. 

In  the  final  series  of  experiments,  the  multiphoton  nature 
of  the  sidebands  was  exploited  to  generate  a  spectrum  of 
gamma-photon  transmission  intensity  as  a  Auction  of  w* 
These  experiments  constituted  a  nuclear  analog  to  Raman 
spectroscopy. 
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It  waa  suggested  that  with  certain  modifications,  these  ex¬ 
periments  would  produce  subangstrom,  narrow-bandwidth 
radiation,  tunable  over  several  linewidths. 

Finally,  other  experiments  were  proposed  in  which,  through 
exploitation  of  the  strong  EFG  in  ferroelectric  materials,  one 
could  use  anti-Stokes  scattering  in  the  nucleus  to  investigate 
the  properties  of  whole  classes  of  nuclear  species. 
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An  experiment  is  described  in  which  the  nuclear 
analog  to  Raman  spectroscopy  has  been  applied  to  ^Fe.  The 
results  of  the  experiment  are  given,  and  future  applications 
of  the  technique  are  proposed. 


This  communication  reports  major  progress  toward  our 
overall  goals  of  demonstrating  the  feasibility  of  tuning, 
and  ultimately  of  stimulating,  the  emission  of  gamma 
radiation.  Theory  £1-31  developed  over  the  past  five  years 
has  shown  the  inherent  viability  of  many  of  the  analogs  for 
nuclear  excitation  of  the  familiar  concepts  of  quantum 
electronics.  Model  studies  C5,61  have  shown  that  hardware 
requirements  to  achieve  threshold  for  stimulated  emission  in 
the  sub-Angstrom  region  would  resemble  lasers  currently  used 
in  inertial  fusion  studies,  but  that  threshold  should  be 
accessed  at  substantially  lower  pump  energies  than  will  be 
needed  for  breakeven.  It  appears  that  existing  devices 
might  prove  adequate  if  suitable’  isotopes  actually  exist. 
This  is  the  critical  point.  Despite  the  many  applications 
of  beautiful  and  involved  techniques  of  nuclear 
spectroscopy,  the  current  data  base  is  inadequate  in  both 
coverage  and  resolution  either  to  answer  the  question  of 
whether  an  acceptable  isotope  exists,  or  to  guide  in  the 
selection  of  a  possible  candidate  medium  for  a  gamma  ray 
1 aser . 

To  experimentally  evaluate  the  feasibility  of  tuning 
and  stimulating  gamma  radiation  has  required  an  iterative 
approach.  As  recently  reported,  £71  the  absolute  scale  of 
the  matrix  elements  important  to  the  realization  of  the 
nuclear  analogs  to  the  various  possible  frequency  mixing 
processes  was  confirmed  to  agree  with  theory.  Incidentally, 


this  implied  that  the  techniques  of  nuclear  spectroscopy 
could  be  extended  in  the  direction  needed  to  support  a 
search  -for  gamma  ray  laser  media  by  exploiting  a  type  of 
multi  photon  flbssbauer  spectroscopy  suggested  by  the  same 
theories.  Subsequently,  the  experimental  feasibility  of 
such  a  technique  was  reported  C83.  Described  here  are  the 
most  recent  results  confirming  the  practicality  of  the 
resulting  methodology  denoted  Nuclear  Raman  Spectroscopy  .in 
this  work. 

Nuclear  Raman  Spectroscopy  (NRS)  is  a  type  of 
Mbssbauer  absorption  spectroscopy,  in  which  the  intensity  of 
transmitted,  single— frequency  gamma  photons  is  measured  as  a 
function  of  the  frequency  of  a  second,  long  wavelength, 
photon  field  in  which  the  nuclei  are  immersed.  There  are 
several  advantages  of  NRS  over  more  conventional  Mbssbauer 
techniques.  One  of  these  is  the  potential  for  an  increased 
frequency  resolution  in  the  spectrum.  This  would  be 
possible  because  the  frequency  of  the  long  wavelength 
photons  can  be  controlled  to  a  much  higher  degree  than  that 
of  the  gamma  photons. 

Another  advantage  of  NRS  is  the  potential  for 

extending  the  range  of  nuclear  spectroscopy.  Using  current 

techniques,  one  is  typically  limited  either  in  resolution  ("» 

iOO  eV  for  gamma  fluorescence  type  experiments),  or  range  ( ~ 
—A 

10  eV  for  conventional  Mbssbauer  studies).  If  the  NRS 
technique  were  extended  to  use  coherent  microwave  or 
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infrared  sources  of  variable  frequency  photons,  a  great  deal 
of  new  information  could  be  learned  about  the  nucleus. 

As  mentioned  above,  in  a  previous  article  C81  some 
early  efforts  in  NRS  were  reported.  In  those  experiments, 
the  feasability  of  that  technique  was  experimental 1 y 
demonstrated,  using  an  rf  field  as  the  source  of  long 
wavelength  photons.  A  problem  associated  with  those 
experiments  was  a  relatively  low  Signal  to  Noise  ratio 
<S/N) ,  resulting  both  from  short  data  accumulation  times  and 
slight  fluctuations  in  rf  power  levels  for  different 
frequencies.  Those  difficulties  have  been  overcome  in  this 
work. 

The  energy  level  diagram  relevant  to  the  absorber 
foil  used  in  this  work  is  given  in  Figure  1.  The  splitting 
in  the  upper  and  lower  manifolds  is  caused  by  the  presence 
of  strong  static  magnetic  fields  in  the  material.  The 
selection  rule  am  **  0,±1  allows  six  component  transitions 
between  the  lower  and  upper  manifolds.  For  convenience, 
these  are  designated  in  the  figure  by  the  numbers  1-6,  as 
has  been  traditional  in  nuclear  physics.  Sidebands  to  these 
single  photon  transitions  (often  referred  to  as  parent 
lines)  are  given  the  same  number  labeling  their  parents, 
followed  by  one  or  more  plus  or  minus  signs,  indicating 
positive  (high  energy)  or  negative  (low  energy)  sidebands 
respect! vely,  from  states  dressed  by  the  number  of  rf 
photons  corresponding  to  the  number  of  plus  or  minus  signs. 
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Figure  2  represents  the  results  of  a  series  of 
experiments  C71,  designed  to  determine  the  dependence  of 
sideband  intensity  on  applied  power.  The  measured  sideband 
intensities  were  first  normalized  by  dividing  them  by  the 
intensity  of  their  parents.  The  upper  curve  gives  the 
dependence  of  the  first  order  sideband  intensity  on  rf 
power,  while  the  lower  curve  gives  the  dependence  of  the 
second  order  sideband  intensity  on  rf  power.  As  will  be 
shown,  these  curves  proved  useful  in  the  analysis  of  the  NRS 
data. 

The  new  experiment  was  carried  out  in  the  following 
way:  An  *^Fe  foil  was  irradiated  by  a  beam  of  essentially 

mono— energetic  gamma  photons,  and  by  a  strong  field  of 
tunable  radio  frequency  radiation.  The  intensity  of 
transmitted  gamma  photons  was  then  measured  as  a  function  of 
the  radio  frequency  wr^  which  was  varied,  while  the  gamma 
frequency  was  held  constant.  The  gamma  photon  frequency 
was  held  fixed  by  using  a  conventional  Mbssbauer 
spectrometer  motor  in  constant  velocity  mode.  The  rf  field 
strength  in  the  sample  foil  was  held  as  constant  as 
possible,  and  was  varied  at  the  oscillator.  Because  an 

LC  tank  circuit,  which  was  used  to  enhance  the  rf  field,  had 
to  be  re-tuned,  and  its  Q  had  to  be  measured  for  each 
frequency,  only  one  data  point,  the  average  of  1024  channels 
in  a  multichannel  analyser,  was  taken  per  run.  Further 
details  of  the  experimental  arrangement  are  given  in 
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reference  C81. 

Figure  3  helps  to  -further  explain  the  experiment. 

Figure  3a  is  part  of  a  conventional  Mdssbauer  spectrum  in 

which  the  tuning  resulted  from  progressi vely  increasing 

Doppler  shifts  produced  mechanically.  Clearly  displayed  in 

Figure  3a  is  a  typical  sideband  spectrum  with  wr^  = 

2n  x  54  MHz.  while  in  3b,  w  =  2n  x  61.7  MHz.  With  a 

rf 

constant  source  velocity  of  7.78  mm/sec,  the  frequency  of 

the  gamma  photons,  would  lie  at  the  position  indicated, 

regardless  of  .  The  effect  of  increasing  is  to 

MpushM  the  sidebands  away  from  the  parents,  through  the  two 

photon  resonance  at  u  . 

T 

Each  data  point  was  corrected  for  input  power 
fluctuations  and  the  Q  of  the  LC  tank  for  each  frequency,  as 
well  as  for  the  weakening  of  the  gamma  source  with  time,  by 
the  formula: 


where  is  the  n**1  unprocessed  data  point,  Pn  is  the  power 
read  with  a  directional  power  meter,  Qn  is  the  quality 
factor  of  the  LC  tank  circuit  for  the  nth  data  point,  t  is 
the  relative  age  of  the  source  (in  days),  and  B  is  the 


baseline  of  the  spectrum.  The  symbol  r  in  this  expression 

57 

is  equal  to  the  half-life  of  Co  (~  271  days),  divided  by 
the  natural  logarithm  of  2.  The  function  f (P  )  is  given  by 
the  upper  curve  in  Figure  2,  and  was  useful  in  normalizing 
all  the  data  to  a  "standard"  power  and  Q  factor  (i.e.  for 
n  *  s)  of  12.2  Watts  and  50.8,  respectively.  The  resulting 
spectrum  is  shown  in  Figure  4.  The  triangles  represent  the 
normalized  data  points,  while  the  solid  curve  in  the  figure 
is  the  best  fit  of  these  points  to  the  sum  of  two 
Lorentzians  subtracted  from  a  constant  baseline.  The 
Simplex  algorithm  C91  was  used  to  fit  this  function  to  the 
data. 

Theoretically,  the  function  to  be  fit  to  the  data 
should  be  of  the  following  form: 

S  «  B  -  (Lj  +  L2>  ,  (2) 

where 


L  - 
n 


a2. 

n 


h  *2 
n  n 


(UL  — 

On 


(3) 


Here,  is  the  maximum  "height",  is  the  Half  Width  at 
Half  the  Maximum  <HWHM) ,  and  w-  is  the  center  of  the  nth 
Lorentzian;  and  B  is  the  baseline.  This  means  that  for  the 
two  absorption  lines  in  Figure  4,  seven  parameters  had  to  be 


fit  to  the  data. 

The  estimated  standard  deviation  of  the  resulting 
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curve  is  <  5%.  The  minima  in  the  solid  curve  are  within  ~ 

1  MHz  of  their  theoretical  positions.  This  is  not 
unreasonable  agreement  considering  there  are  only  14  data 
points  spread  over  a  range  of  IS  KHz. 

In  addition  to  the  expected,  5+  first  order  sideband 
to  transition  #5,  appearing  at  S9.7  MHz,  an  additional 
absorption  line  appears  at  54  .1  MHz.  This  corresponds  to 
3++,  the  second  order  sideband  to  transition  #3.  The 
separation  between  these  two  lines  is  also  within  %  1  MHz  of 
the  theoretical  value. 

There  were  several  potential  sources  of  error  in  this 
experiment  and  they  will  now  be  discussed.  First  of  all, 
with  only  14  data  points  to  span  a  IS  MHz  interval,  better 
resolution  along  the  frequency  axis  could  not  be  expected. 
Obviously,  the  small  number  of  points  precluded  the  use  of  a 
running  average  in  order  to  reduce  the  statistical 
fluctuations  in  the  signal.  In  addition,  because  there  were 
only  twice  as  many  data  points  as  there  were  parameters  to 
fit,  the  "best  fit"  of  the  data  to  the  expected  function 
must  be  viewed  with  caution. 

A  final  source  of  error  resulted  from  the  method  used 
to  normalize  the  data.  As  mentioned  in  the  explanation  of 
Equation  (1),  f(Pn>  is  given  by  a  plot  of  observed  first 
order  sideband  intensity  as  a  function  of  applied  power, 
(measured  at  the  directional  power  meter).  In  fact,  this 
procedure  is  not  valid  for  points  which  are  affected  by  a 


second  or  higher  order  si debend.  Unf ortunately,  there  was 
no  set isf actor y  way  to  deal  with  this  problems  The  spectra 
could  not  be  deconvolved  until  the  points  Mere  first 
normalized,  and  the  points  could  not  be  properly  normalized 
until  the  spectra  Mas  sufficiently  deconvolved  to  Meight  the 
normalization  process.  In  the  case  of  the  data  shown  in 
Figure  4,  the  input  powers  and  Q(  were  close  enough  in  value 
that  the  correction  factors  were  all  <  2,  (with  most  <  1.3). 

One  way  that  this  last  error  could  have  been 
eliminated  is  by  tuning  the  gamma  photon  frequency  to  be 
less  than  that  required  to  make  transition  #1,  by  an  amount 
greater  than  the  sum  of  the  total  widths  of  the  two 
manifolds.  Then,  by  applying  an  rf  field  with  a  high  enough 
frequency,  that  is  for  ranging  from  2n  x  124  to 

2n  x  202  MHz,  the  entire  upper  manifold  could  be  seen  as 
first  order  sidebands  with  no  second  order  lines  entering 
the  spectrum.  Unfortunately,  because  of  the  limitations  of 
the  LC  tank  circuit  used  in  this  work,  the  highest  frequency 
that  could  be  used  was  well  below  this  amount. 

In  any  case,  the  point  of  the  experiment  was  not  to 
characterize  the  energy  levels  of  ^Fe,  but  to  demonstrate 
the  effectiveness  of  a  new  technique  for  nuclear 
spectroscopy  in  general,  based  on  multiphoton  effects.  In 
practice,  the  method  would  probably  be  most  useful  with  the 
rf  field  being  replaced  by  a  microwave  or  infra-red  photon 
field.  The  fact  that  a  two  photon  nuclear  resonance  can  be 


detected  by  varying  the  longer  wavelength  photon  has 
significant  implications.  For  example  the  technique  could 
be  used  to  conduct  M&ssbauer  spectroscopy  with  much  higher 
resolution  than  ever  before.  This  would  be  possible  because 
no  mechanical  tuning  need  be  used.  In  addition,  if  the 
technique  were  extended  from  rf  to  microwave  or  infrared 
photons,  the  range  of  Ifbssbauer  spectroscopy  would  be 
dramatically  increased. 

The  authors  gratefully  acknowledge  the  support  of  the 
Office  of  Naval  Research  under  Contract  NOOO 1 4-81 -K-0A53. 
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CAPTIONS 


Figure  It  Energy  level  diagram  for  ^Fe,  showing  the  nuclear 
hyperfine  splitting,  and  the  the  six  magnetic 
dip ole-allowed  transitions. 

Figure  2 1  Comparison  of  experimental  and  theoretical 

computations  o-f  sideband  intensities.  Di-f-fering 
intensities  at  the  same  power  re-flect  the 
measurement  of  sidebands  from  different  parent 
transitions.  (See  reference  x  for  a  more  detailed 
explanation. ) 

Figure  3s  Two  spectra  which  show  that  the  result  of 

increasing  is  to  push  first  order  sidebands 

away  from  the  parents,  through  a  two  photon 

resonance  at  w  . 

r 

Figure  4s  Gamma  transmission  intensity  plotted  as  a  function 
of  rf  photon  frequency.  The  larger  absorption 
line  corresponds  to  the  first  order,  sum  frequency 
sideband  of  the  ll/2,-l/2>  ->  l3/2,-l/2>  nuclear 
transition  of  ^Fe,  while  the  smaller  line 
corresponds  to  the  second  order,  sum  frequency 
sideband  of  the  11/2,  l/2>  ->  !3/2,-i/2> 


transition 


